These findings indicate that first, the increase in HbF production in culture is primarily due to increased production of the number of cells containing HbF,
INTRODUCTION
In normal adults peripheral blood erythropoietic progenitors, termed "burst-forming units" (BFU-E),1 produce in culture more fetal hemoglobin (HbF) than erythroid precursors that develop in vivo (1) . HbF production in vivo is increased by three independently regulated mechanisms; increased production of cells containing HbF (F cells), increased production of HbF/F cells, or preferential survival of F cells in comparison with erythrocytes that contain no HbF (2, 3) . It is unknown to what extent these three different mechanisms contribute to increased HbF production in culture. Furthermore, it is unclear whether all peripheral blood BFU-E have the capacity to make HbF during differentiation. For example, while isoelectric focusing of hemoglobin indicates that HbF is present in all individual BFU-E colonies (bursts) (4) , immunofluorescent staining of intact bursts with antiHbF antibody (5) and radioimmunoassays of hemo-lysates from individual bursts (6) indicate that only between 17 and 80% of bursts contain HbF.
We have recently developed microdensitometric techniques for the quantitation of HbF or adult hemoglobin (HbA) in individual erythrocytes, reticulocytes, and nucleated erythrocytes (NRBC) (7) . Application of the technique to NRBC derived from peripheral blood bursts should answer the following questions. Are NRBC containing HbF (FNRBC) present in all bursts? Is increased HbF production in culture due to increased production of FNRBC, increased amounts of HbF/FNRBC, or both? Is the production of F cells in culture regulated independently from the amount of HbF/cell as noted in vivo (3)? Answers to these questions should clarify at the cellular level the similarities and differences between HbF production in vivo and in culture.
METHODS
Erythropoietic cell culture. Mononuclear cells were isolated from heparinized peripheral blood of normal adult volunteers using modifications (8) of the Ficoll-Isopaque technique described by Boyum (9) . Cell cultures were performed as previously reported (8) (Table I ). This increase in F-cell production beyond the normal in vivo range, 0.5 to 7.5% (11) , is similar to the previously reported 10-to 18-fold increase in lysate HbF synthesis in culture (12, 13) . There was no correlation between peripheral blood F-cell levels and percentage of FNRBC produced in culture (P = 0.50).2
In a separate study we noted that HbF production in vivo is essentially complete early in normal erythroid development, i.e., the picograms of HbF in mature peripheral blood erythrocytes is not significantly different from HbF found in nucleated erythroid precursors in bone marrow aspirates (7) . Therefore a comparison in normal adults between mean cellular HbF content in NRBC from erythropoietic bursts and mean HbF levels in peripheral blood erythrocytes should determine whether or not the amount of HbF/NRBC in culture is increased beyond in vivo NRBC levels. In five subjects (Table I , subjects 1, 2, 3, 4, and 7), the mean picograms HbF/NRBC, 5.3+0.6 pg (mean+SE), was 23% greater than the mean F-cell levels (P = 0.05). In bone marrow aspirates from five normal subjects previously studied, HbF/NRBC was 4.3±0.2 pg and HbAINRBC was 22.0±0.7 pg (7). These in vivo values are 20% less for HbF (P = 0.04) and 25% less for HbA (P > 0.01) than the mean picograms HbF/ NRBC and picograms HbA/NRBC values found in culture for all 10 subjects in Table I . Since there is little difference in the relative increase in the cellular levels of HbF and HbA, the marked increase in HbF production in culture is due primarily to the 13-fold increase in the numbers of cells containing HbF. Among the 10 subjects studied there was no correlation in culture between percentage of FNRBC and picograms of HbF/NRBC (P = 0.1).
Individual bursts. In 108 individual bursts from three subjects and 58 individual bursts from subject 1, FNRBC were found in every burst. In subject 1 the mean percentage of FNRBC per burst was 48.7%, a value that closely parallels the 43.7% FNRBC value derived from pooled bursts from the same culture (see Fig. 1 and Table I , subject lb). In subject 1 the 2All probability statistics in this paper were performed using the Mann-Whitney or Spearman's Rank method when comparing samples with unequal variances, and the Student t test when comparing samples with equal variances. Fig. 1 ). The Table I. average picograms HbF/NRBC in individual bursts ranged from 4.1 to 7.6 pg (mean±SE for 22 bursts is 5.0±0.2 pg). Just as noted in pooled burst analysis, there was no correlation between the mean picograms HbF/NRBC and the percentage of FNRBC in individual bursts (P = 0.73). In addition, no correlation could be found in individual bursts between mean picograms HbA/NRBC and either percentage of FNRBC (P = 0.57) or mean picograms HbF/NRBC (P = 0.20). It therefore appears that neither the amount of HbF/NRBC nor the percentage of FNRBC is a function of how much HbA is produced in individual bursts.
Subcolonies. Subcolonies from one burst were examined in two subjects (Table II) ciated with acute erythropoietic expansion (14) . Increased F-cell number was uniformly associated with acute erythroid stimulation while the amount of HbF/ cell did not necessarily change (2, 14) . The present observations suggest that increased HbF production in culture is primarily due to a 6-to 50-fold increase in F-cell number while HbF and HbA per NRBC were equally increased by -20% over in vivo levels.
All bursts examined contained FNRBC in varying percentages. This finding agrees with isoelectric focusing of radiolabeled hemoglobin from individual bursts (4) but is discrepant from previously reported immunologic assays of HbF in single bursts (5, 6) . These immunologic assays either analyzed aggregates of cells within a burst with fluorescent anti-HbF (5), or performed radioimmunoassays of lysate from individual bursts (6) . It is possible that these techniques are not sensitive enough to detect <5% FNRBC with only 4 pg HbF/NRBC or that culture conditions vary significantly between laboratories.
Our results also differ somewhat from the finding of Papayannopoulou et al. (5) that the ability to produce HbF in culture is inversely related to the degree of differentiation of the erythroid precursor, i.e., HbF levels are higher in colonies derived from earlier erythroid progenitor vs. HbF level in colonies derived from late erythroid precursors (5). We find that the variation in the percentage of FNRBC between individual bursts from the same culture is similar to the variation in the percentage of FNRBC between subcolonies from a single burst. This suggests that commitment to HbF production is ongoing throughout the 14 d of burst formation and is not irrevocably programmed at a single early state of erythroid development.
